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Abstract: Incorporating human behavior is a current challenge for agent-based modeling and simulation (ABMS). Human behavior includes many different aspects depending on the scenario considered.
The scenario context of this paper is strategic coalition formation, which is traditionally modeled
using cooperative game theory, but we use ABMS instead; as such, it needs to be validated. One
approach to validation is to compare the recorded behavior of humans to what was observed in
our simulation. We suggest that using an interactive simulation is a good approach to collecting
the necessary human behavior data because the humans would be playing in precisely the same
context as the computerized agents. However, such a validation approach may be suspectable to
extraneous effects. In this paper, we conducted a correlation research experiment that included an
investigation into whether game theory experience, an extraneous variable, affects human behavior in
our interactive simulation; our results indicate that it did not make a significant difference. However,
in only 42 percent of the trials did the human participants’ behavior result in an outcome predicted
by the underlying theory used in our model, i.e., cooperative game theory. This paper also provides
a detailed case study for creating an interactive simulation for experimentation.
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1. Introduction
The nature of humans as autonomous interacting agents who change their behavior
by adapting and learning in their environment makes their study difficult. A human
system, resulting from human behavior, is a complex adaptive system (CAS) [1,2]. As
such, studying a CAS needs methods and techniques which is appropriate for solving CAS
problems. The method used will depend on the human behavior being considered. One
form of human behavior is human decision-making. In this paper, we are interested in
studying human decisions concerning strategic coalition formation. Different modeling
methods exist to study this form of human behavior in a CAS context, for example, agentbased modeling [3] and game theory [4].
Strategic coalitions form when there exist benefits from doing so to the individuals
involved. Cooperative game theory (CGT) is the standard method used to study strategic coalitional formation [5]. An alternative approach to modeling multiple interacting
humans is ABMS [6]. However, it is not necessarily clear how human behavior should
be incorporated in ABMS. An et al. [7] have advocated that modeling human decisions is
an important challenge for agent-based modeling and simulation (ABMS). Additionally,
Cheng et al. [8] regard modeling human behavior as a current challenge for modeling and
simulation (M&S). This paper represents an attempt to aid in solving these challenges.
ABMS models the micro-level behavior of heterogenous agents interacting in an
environment to gain insights into emergent macro-level outcomes [2,9]. Since it involves
multiple interacting decision-making agents, there is a potential for ABMS to be used in
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the context of strategic coalition formation; the ABMSCORE algorithm was developed for
this purpose [3,10]. The interactive agent-based simulation presented in this paper uses the
ABMSCORE algorithm, as well as replacing one of the computerized agents with a real
human, in order to investigate the macro-level outcome of the simulation.
To study human strategic decisions, we use the interactive agent-based simulation
model of strategic coalition formation that incorporates cooperative game theory and
actual human subjects in one modeling framework. As we mentioned, our interactive
simulation replaces a computerized agent with a human player; the reason for doing this
is that authors wished to compare the outcomes generated by the ABMSCORE algorithm
to actual human behavior. Previous research has shown that the ABMSCORE algorithm
compares favorably to the game-theoretical results [10], but there was a desire to compare
its outcomes to those generated by actual human behavior [11]. In the research presented
in this paper, we have an interest in gaining insight into the macro-level outcome of the
interactive simulation and what potential extraneous variables may impact those outcomes.
This paper also provides details, using the Overview, Design concepts, Details (ODD)
protocol [12], of the interactive simulation used in the research.
The scenario used in our interactive simulation experiment is a type of game called the
glove game (or shoe game). It has previously been used in human subject experiments [13,14].
Glove games, a type of cooperative game-theoretic game, are a simple form of a market
economy involving non-transferrable utility [15,16]. In a glove game, each player is
endowed with a different number of right-hand and left-hand gloves and tries to form
coalitions of players in order to increase their payoff; only pairs of gloves have value in our
scenario, and both left-hand and right-hand gloves are generic so that any left-hand glove
can be matched with any right-hand glove. The details of the glove game will be provided
in the background section.
Glove games were coded into the ABMSCORE algorithm and adapted to create an
interactive simulation model for use during our trials. During each trial, the human subject
would play in multiple different glove games with up to seven players. The human player
takes the role of one of the players, with the remaining being controlled by computerized
agents (using the ABMSCORE algorithm). In other words, in each simulation, there is
only one human, and all other players are computerized agents. Each round of the game
involves the players proposing new coalitions to the other players. The outcome of a given
game is a coalition structure. Coalition structure is the partition of players into disjoint
coalitions [17].
In our interactive simulation, the human is playing the exact same role as one of the
computerized agents. As both human and computerized agents are playing the game in the
same (computerized) context, we hope to limit extraneous variable effects when comparing
the macro-level outcomes. However, it is possible that using an interactive simulation, in
itself, generates extraneous variables that affect the macro-level outcomes both positively
and negatively. In this paper, we consider several factors that could affect the accuracy of
modeling human behavior within the ABMSCORE modeling approach.
An obvious requirement in modeling human decisions is that the computerized
agents’ decisions are consistent with that of the humans they are representing. First,
before studying the macro-level behavior, we need to be sure that the computerized agents
in the model behave consistently as a human subject would in the proposed simulation
framework at the micro-level. In other words, do the computerized agents represent human
subjects accurately so that the interpretation of the final simulation outcome is credible. In
our previous research, we have shown that the ABMSCORE algorithm conforms to human
decisions in the context of strategic group formation; in Collins et al. [18], we checked the
consistency of behavior at the micro-level: whether computerized agents make the same
decisions as humans to join a coalition or not and make the same coalition suggestion or not.
The results showed that our algorithm could replicate human behavior at the micro-level.
However, participants who had experience in game theory tended to be more consistent.
While our ABMSCORE algorithm can replicate human decisions at the micro-level, we are
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interested to see whether our algorithm was consistent at the macro-level. The macro-level
outcome, which is considered in this research, is the coalition structure. As such, the final
coalition in which a human is a member at the end of the game is of interest to us. This
coalition is compared to the ideal coalition, as determined by cooperative game theory,
which we call the core coalition. Core coalitions are defined and discussed later in the
paper. In this research, we use the same data set as we used in the Collins et al. [18].
Explicitly, we want to evaluate the human’s final coalition to see if it is a core coalition
(macro-level). As with our previous study, we also expect that having/not having game
theory experience could affect the human’s final coalition. As such, game theory experience
would be considered an extraneous variable.
Extraneous variables are variables that affect the outcomes of an experiment that
were not explicitly accounted for in a given experimental design. For example, in a team
situation, unaccounted-for social dynamics might affect an individual’s decision-making.
It is not clear what extraneous variables might affect an individual’s decision-making in
the context of an interactive simulation, but we attempt to discover some. This research
hopes to help future researchers in modeling human strategic decisions, by ABMS, in a
more effective and robust manner.
The next section gives some background into the use of humans in experiments
involving game theory or agent-based modeling to investigate human behavior. A detailed
description of our interactive agent-based model is provided in the third section using the
ODD protocol. This is followed by a discussion on our methodology. The final sections
discuss the implications of our results, identify limitations, and reach conclusions.
2. Background
Since our experiment uses an interactive hybrid simulation of ABMS and cooperative game theory, a brief overview of existing research that uses these modeling approaches in human subject experimentation is given below. Our focus is on research into
human behavior.
2.1. Cooperative Game Theory
Traditionally, strategic group formation is modeled using cooperative game theory.
Cooperative game theory (1) focuses on games involving more than two players, and
(2) focuses on coalition formation and how the payoffs will be distributed amongst the
coalition members [19]. Many solution mechanisms have been proposed in cooperative
game theory; the main two are the core [20] and the Shapley value [21]. The Shapley
value requires the underlying game to be super-additive; to avoid this limitation, we use
core. In its essence, the core of a cooperative game represents the coalition structure of the
players, where no subgroup of players has an incentive to form a new coalition. A coalition
structure is a covering set of disjoint coalitions over the players, i.e., each player belongs to
one, and only one, coalition. If that coalition only contains the player, it is called a singleton
coalition. If a coalition contains all players, it is called the grand coalition. A particular
game might have multiple coalition structures in its core, one or none. To give a deeper
understanding of the core concept, we will give some examples when we introduce the
glove game.
There exists a small number of papers that experimentally studied human behavior in
strategic group formation in the context of cooperative game theory and the core. In this
limited number of papers, the application of human subject experiments is also scarce. In all
cooperative game theory papers that we found, which used human subject experimentation,
the purpose was to capture different factors that can affect coalition formation outcome
in different contexts. For instance, Murnighan and Roth [13] conducted an experiment
to understand the effect of communication or information availability between players
in shoe games; Bolton et al. [22] considered the role of different types of communication
configuration; Murnighan and Roth [14] considered the effect of communication ability
and group size in the context of shoe games; Neslin and Greenhalgh [23] looked at the
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impact of power, conflict, and influence in negotiation between players; Montero et al. [24]
evaluated the effects of power in the voting environment; Beimborn [25] looked at financial
information transparency between firms, and Berl et al. Berl, McKelvey [26] examined
core validity with regard to human plays. None of these papers used an interactive
simulation approach.
2.2. Agent-Based Modeling
Agent-based modeling is a method focused on creating models of interacting autonomous agents in a virtual environment [6]. An agent-based simulation is the dynamic
implementation of an agent-based model. Collectively, these parts are known as AgentBased Modeling and Simulation. Modelers can give instructions to hundreds or thousands
of “agents”, all operating autonomously within an agent-based simulation [27]; as such,
ABMS is a bottom-up modeling approach [9].
A vital aspect of an agent-based model is that agents are not aggregated but autonomous, adaptive, and can be heterogeneous [28]. ABMS is, thus, appropriate to model
situations that are analogous to these aspects. The most obvious example of autonomous,
adaptive, and heterogeneous agents are humans and, as such, it has been repeatedly advocated that ABMS is an appropriate method for modeling human systems in a variety of
different fields; such as economics [29], social sciences [6], or engineering [30].
ABMS provides a useful insight into a system by observing the macro-level emergent
behavior that results from (micro-level) agent interactions. Beyond its inability to model
human behavior [8], there are other concerns. For example, it focuses on individualist
behavior as opposed to external behavior generated by a group [3]; to incorporate this
external behavior, a modeler could aggregate the agents into groups, but aggregating agents
into group decision-makers would effectively wipe out individual agents’ interactions and,
potentially, the emergent behavior they generate. Collins and Frydenlund [3] proposed
a solution to this problem by introducing strategic group formation in ABMS with the
incorporation of game theory techniques, which allows agents to decide which groups they
will join (adapt), thus retaining their individualism. This approach is part of the hybrid
modeling method that we use in the experiment.
Within agent-based modeling, human subject experimentation has been used to
understand human behavior in multiple contexts like emergency evacuation [31], resource
allocation system [32], commodity market [33], knowledge management [34], etc. In most
cases, researchers aimed to study two phenomena: (1) the effect of human behaviors for
development or change in the system of study and (2) the effect of the system of study
circumstances on human behavior. ABMS and human subject experiments were used in
tandem to compensate for each other’s weakness in modeling human behavior. Based on
the experiment presented in this paper, we focused on papers that use ABMS to support
an experiment.
ABMS can provide results that support experimental findings and/or play a complementary role in situations where human subject experimentation does not work. For
instance, Zhao et al. [35] studied the strategic behavior of agents in a resource allocation
system to reach a balance of resource allocation and reduce instability; a computer-aided
human subject experiment was run with both humans as normal agents and artificial
agents who were mimicking human participants behavior; the human subject experiment
results and underlying mechanism was confirmed with the application of ABMs. Liang
et al. [36] studied the principle of increasing entropy in an isolated social system using a
human subject experiment, but also ABMS was used to go beyond limitations in the human
subject experiment to expand the findings. Song et al. [37] studied risk-return relation for
investors in a market under market efficiency and closeness; first, they conducted multiple
computer-aided human subject experiments to understand human thoughts about the
relationship between risk and return, then they created an ABMS of the human subject
experiment scenario to compare results with the human subject experiment and explore
the underlying mechanism in the human subject experiment. Liang et al. [32] conducted
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a computer-aided human subject experiment to study the role of contrarian behavior in
a resource allocation system; due to limitations with the experimental approach, they
decided to use an agent-based model based on the resource allocation system to make the
result of study more robust.
In the research studies discussed, human subject experimentation and ABMS were
mainly conducted separately. The research methodologies were improved by incorporating
both human subject experimentation and ABMS. The aim of these combined methodologies
was to address the weaknesses of each method individually and overcome these weaknesses with the other method’s strengths. Thus, there exists a benefit of applying ABMS
and human subject experimentation simultaneously to address research questions because
the two approaches both help support and validate each other’s findings. Hence, the use
of an interactive simulation in our study.
2.3. Game Theory and Agent-Based Modeling
Hybrid simulation modeling has gained popularity in recent years [38] due to its ability
to overcome the weakness of one methodology by augmenting it with another. Hybrid
simulations are simulations that have modules built using two or more different modeling
paradigms, usually using discrete event simulation (DES), systems dynamics, and agentbased modeling [38]. The hybrid modeling approach used in our experiment enriches
agent-based modeling by incorporating game theory concepts within it, specifically, a
heuristic algorithm for strategic group formation. The hybrid model algorithm used in
this paper was first developed by Collins and Frydenlund [3] and improved upon by
Vernon-Bido and Collins [10]. This algorithm is known as the ABMSCORE algorithm.
There are few enriched hybrid simulations using game theory within the extant
literature. Beyond our approach, Hill et al. [39] create a hybrid simulation model using a
search game combined with agent-based modeling to simulate the searching for U-boats
in the Second World War. Bonnevay et al. [40] used agent-based modeling to simulate
cooperative game theory, whereas our hybrid approach incorporates cooperative game
theory into agent-based modeling. Finally, Janovsky and DeLoach [41] created a heuristic
for finding the core in a multi-agent environment; this has similarities to our hybrid
approach but is focused purely on algorithm development as opposed to its application.
Future practical application of the ABMSCORE algorithm is the main driver behind the
research presented in this paper. Other researchers have used Monte Carlo simulation to
validate their cooperative game theory results; see [42–44] for applications to swarms and
dynamic networks.
Our focus on strategic group formation, as the phenomenon of our modeling interest,
is driven by our belief that ABMS needs to account for coalition formation if it is going
to be used to model large numbers of humans interacting. The ABMSCORE algorithm’s
applicability is demonstrated through examples of modeling farming cooperatives [45]
and group formation in minority games [46]. The experiment presented in this paper is the
first time that a hybrid model has been used in a human subject experiment.
Game Theory and Agent-Based Modeling in Human Subject Experimentation
We conducted a literature review of papers that use human subject experimentation,
game theory, and ABMS within one methodology framework. In most papers, the research
was to study human behavior. In all cases, human subject experiments were conducted
based on the game theory framework to (1) generate results and rules which can be used
as an input to an agent-based model or (2) using the human subject experiment’s output
to help validate the results from the agent-based simulation. However, it is questionable
whether many of these studies actually used ABMS since their models did not contain
key tenets of it: autonomy, heterogeneity, and the ability to adapt [28]. We focus the
remainder of our discussion on papers that, we believe, implement ABMS as opposed to
just computational game theory models; we accept that there is some subjective judgment
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in this process because there is no agreed-upon definition of ABMS, nor is one likely to be
agreed upon in the near future [47].
In the situation where human subject experiments were conducted based on the
game theory framework to generate results and rules which can be used as an input to an
agent-based model, Takko [48] conducted a human subject experiment using a cooperative
game to study risk perception and rationality behind human decisions, The results from
the experiment were used as input rules to construct an agent-based model which can
replicate human behavior. Coen [49] conducted an experiment based on the social dilemma
to define rules representing how people make decisions in a competitive environment.
He then incorporated the rules generated from the human subject experiment into an
ABMS to discover what decisions were effective. In an incentive situation, Dal Forno
and Merlone [50] used the social dilemma to run a human subject experiment to capture
human behavior, where grounded theory was used to reveal the rules from the experiment;
these rules were then used as an input to the ABMS to check the accuracy of results
from grounded theory. Pansini et al. [51] did a human subject experiment based on the
prisoners’ dilemma to study how mutual profitability can be gained in a society with
uneven distribution of wealth between citizens while the ABMS was used to validate
the result.
There exist situations that use the human subject experiment as a validation tool to
the results outputted from ABMS. For instance, Li, Yang [52] studied cooperation and
competition behavior at the same time by incorporating Janus game rules into an agentbased simulation; then, to see how the model works, a human subject experiment was
conducted. In the context of market exchange, Sohn [53] studied human decisions by
considering the coordination game model in ABMS; then, a human subject experiment was
conducted to validate the results. Bhattacharya, Takko [54] Conducted a human experiment
through online game alongside with an ABMS to get insight into the rationality behind
human decision-making in the context of group formation; by comparing ABMS output
to the human behavior they understood that the agent-based model act more efficiently
toward human behavior under special circumstances.
In this section, we have discussed research that used agent-based models and/or
human subject experiments with the application of game theory interchangeably to address
research problems. Since our hybrid interactive simulation was used within our experiment,
as opposed to separately validate it, it is unclear whether our experiment belongs to
either type of investigation discussed above. None of the papers discussed used a hybrid
modeling approach.
2.4. Glove Game
The glove game is a simple market economy game with two commodities: left-hand
gloves and right-hand gloves. This game was chosen because it is a game that involves
coalition formation that is easy for the experiment participants to understand or, at least,
less complicated than other cooperative games. An easily understood game was essential
as the participants needed to learn the game in a relatively short span of time. The glove
game involves players forming coalitions with other players to form pairs of gloves, which
are sold for a profit. Each player starts with a different initial endowment of left-hand
gloves and right-hand gloves. A coalition is a group of players that pools their gloves.
All the left-hand gloves are identical to the right-hand gloves; however, only pairs of
gloves are worth anything. The players in any given coalition combine their gloves to form
the maximum number of pairs and share the generated revenue equally. For simplicity,
a pair of gloves is assumed to be worth one dollar, and our computerized agent had
risk-neutral utility.
It was assumed that revenue generated by a coalition is distributed evenly amongst
its players. This assumption makes our version of the glove game a non-transferable utility
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trials, the human player interacts with the computerized
agents through a specially designed computer program, which we have been referring
to as the interactive agent-based simulation. All interactions of human players with the
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simulation are captured in each game. These interactions effectively reflect the human
participant’s decisions throughout the experiment. This section describes the underlying
model of the simulation. The model’s description follows the ODD (Overview, Design
concepts, Details) protocol for describing agent-based models [58], as updated by Grimm
et al. [12]. The model was built in the NetLogo agent-based modeling environment [27,59].
3.1. ODD Description of the Model Used in the Experiment to Study Human Decision-Making of
Coalition Formation
3.1.1. Purpose and Patterns
The model’s purpose is to collect information on human decision-making in the
context of coalition formation games. The model uses an interactive approach, and a
single human is involved in each experimental trial. All other agents are controlled by the
ABMSCORE algorithm [10]. The glove game, a standard cooperative game, is used as the
model’s scenario.
3.1.2. Entities, State Variables, and Scales
The model abstracts the glove game into computerized form. The glove game is a
standard game from cooperative game theory. The players are trying to sell pairs of gloves,
and they can form coalitions with other players to form more glove pairs by pooling their
gloves. Each player has a fixed endowment of gloves to create pairs. The coalitions that
form are the output of interest from the game. The players are the agents in the model; the
players are, collectively, the human player and the computerized agents.
Agents: players
Environment: A abstract social setting where players are able to communicate with
each other about forming coalitions.
Variables: The player variables are coalition membership, left-hand gloves, righthand gloves.
Coalition Membership: This variable indicates the current coalition that a player is a
member. Each coalition is assigned an index number; even a coalition of only one player,
known as a singleton coalition, is assigned an index number.
Left-hand Gloves: This variable represents a player’s endowment of left-hand gloves,
which are fixed throughout the game.
Right-hand Gloves: This variable represents a player’s endowment of right-hand
gloves, which are fixed throughout the game.
Gloves are used to work out the value of a coalition. All other variables are calculated
from these variables.

•

Scales
A round of the game represents an arbitrary time scale.

3.1.3. Process Overview and Scheduling
During each round, the players have an opportunity to suggest coalitions to the other
players, and, if acceptable, new coalitions are formed and the old ones updated. This
process is repeated for several rounds. The human player proposes first, followed by the
computerized agents. The computerized players’ proposed coalitions are generated by
the ABMSCORE algorithm [10]. The consistency of computerized agent decisions and
human decisions on whether computerized agents make the same decisions as humans
to join a coalition or not and make the same coalition suggestion or not was discussed
in Collins et al. [18], and the results indicated that our heuristic algorithm was consistent
with that of human decisions and the consistency was higher in the group of humans
with game theory experience. The main loop is shown in a flow diagram in Figure 2.
As the diagram indicates, both the human player and the computerized agents, via the
ABMSCORE algorithm, have an opportunity to suggest coalitions to the other players.
Further details of the algorithm are discussed in the sub-model section below.
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Since players can leave a coalition, other members of their old coalition will find
themselves in a new coalition (a coalition with one player less); as a result of this, a player’s
payoff might go down because their coalition has fewer glove pairs due to another
player’s departure. Players are unable to stop another player from leaving a coalition; they
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•

Interaction

There is no direct interaction between players; however, their decisions can affect each
other’s payoff. When a player decides to leave or joins a coalition, then there might be a
change in the coalition’s value; this change in value affects the payoff of its members. The
value of a coalition is the number of glove pairs that can be made from all its members’
gloves, whereas its member’s payoff is its value divided by the coalition size.
To understand this indirect interaction, consider players C and G in the example game
shown in Figure 3. While these two players are in a coalition together, they can create three
pairs of gloves and get a payoff of 1.5 each. However, if player C leaves the coalition, player
G would get a payoff of zero. Thus, player C’s actions indirectly affect player G’s utility.
Strategic coalition formation requires multiple decision-makers to interact. By simulating the other decision-makers and only using a single human in the simulation, the
effects of complicated interpersonal dynamics can be avoided, thus increasing the internal
validity of our experiment [60]. However, removing the inter-personal relationships does
limit the external validity of our experiment.

•

Stochasticity

The only stochastic elements of the model are the coalition suggestions made by the
ABMSCORE algorithm. Six different suggested coalitions are made by the algorithm during
each step of a model run. The six suggested coalitions each represent a different type of
coalition formation [10]. For example, one approach could be to suggest the combining of
two randomly chosen coalitions to create a new larger coalition. The six different coalition
approaches are briefly discussed in the sub-model section.
The inclusion of an actual human’s decisions within the model creates uncertainty;
however, this behavior is not necessarily stochastic for a given individual. The human
player’s decision-making type is stochastic with regard to its distribution, i.e., different
people will use different processes to make their decisions.

•

Collectives

Coalitions are a form of collective. The model focus is on the formation of coalitions
in the glove game. In the model, the coalitions are not represented as agents but as a
numerical variable of each player; if two players share the same number, they are in the
same coalition.

•

Observation

There are a variety of observations that are recorded after the human player makes
a decision in a given trial. These include the current coalition structure, the suggested
coalition, and the human player’s current payoff. It was also recorded whether or not
the final coalition structure was a core partition and whether or not the human player’s
final coalition is a core coalition; if the human player’s coalition was in a core partition,
it is called a core coalition. Finally, all human player’s decisions at the individual level
(micro-level) are compared to what the computerized agents would do, and a Boolean
value recorded to see whether their behavior is consistent with the computerized agent.
This consistency has been discussed in [18].
3.1.5. Initialization
All players do not start in a coalition. We call the coalition of a player on their own the
singleton coalitions. The glove game considered determines the number of players and
their initial glove endowments. Note that a player’s glove endowments are fixed and do
not change during the game.
3.1.6. Input Data
As Grimm et al. [12] specify in their ODD description, input data refers to data that is
input during a simulation run instead of its initialization. As such, there is no input data
for our model.
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3.1.7. Sub-Models
There are two sub-models worthy of discussion. The first is the Graphical User
Interface (GUI) used by the human player. The second is the ABMSCORE algorithm.

•

Graphical User Interface

The purpose of the GUI is to provide the human player with an overview of the game
situation as well as suggest coalitions or respond to suggested coalitions. The GUI allows
the human player to see the endowment of other players and the current game situation,
as discussed in the sensing section above. Figure 3 shows a screenshot of the GUI.
The GUI allows the human player to suggest coalitions on their turn; this is achieved
by clicking on other players’ circles they wish to form a coalition. These circles turn into
squares if selected. Once the human player is happy with their selection, they simply press
“happy with the selection”. If they do not wish to make a selection, then simply selecting no
player and pressing “happy with the selection” will move the game onto the computerized
agents’ turns. Once the human player is happy with the coalition structure presented, they
simply press “Finish” to end the game.

•

Algorithm Steps

There is one human player in the model, and all other players are controlled by the
ABMSCORE algorithm. The purpose of the algorithm is to simulate the computerized
agents’ behavior of joining and suggesting coalitions. The version of the algorithm used in
the model was the advanced version developed by Vernon-Bido and Collins [10]. There
are three parts used within the algorithm: coalition suggestion, coalition evaluation, and
coalition updating. These three parts control changes to the coalition structure, which is the
main output of the model. The coalition involves six types of suggestions: joint coalition,
exit coalition, create a pair coalition, defect coalition, split coalition, and return to an
individual coalition. All three parts of the algorithm are explained in detail in Vernon-Bido
and Collins [10].
4. Methodology
The purpose of the experiment is to investigate whether the algorithm was consistent
with human behavior and whether game theory experience affects human behavior in an
interactive simulation with regard to strategic group formation at the macro-level. To this
end, a wide variety of participants were recruited to undertake trials in an interactive simulation of some glove games. Only one human was used per trial to avoid the complexities
that emerge from human interaction. Since strategic group formation requires multiple
decision-makers, the other players were controlled by the ABMSCORE algorithm [10].
4.1. Experimental Method
There is no one universal way to conduct human subject experiments, and different
academic fields have different approaches based on their underlying foundations and
requirements [61]. Since M&S is a multidisciplinary field [62], it is not clear what approach
to human subject research standards should be followed. This paper intends to advance
agent-based modeling, as opposed to economics or sociology and, as such, we do not
wish to enter the debate of which human subject experimental approach is “correct”; as
such, we opt for a weaker experimental method called correlation research as defined by
Jhangiani et al. [60].
The consequence of opting to define our research approach by this weaker experimental method is that our research findings can only be considered indicators of the
phenomena as opposed to conclusive findings. The reason for producing non-conclusive
findings is due to the limitations of the correlation research approach, e.g., no conditions or
controls [60].
Though we do not conduct a human subject experiment, we will refer to our investigation as “the experiment”, though, strictly, speaking is not a scientific experiment in
the psychological sense. It should be noted that many of the “experiments” described in
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the background section would also be considered correlation research; these include the
experimental design of previous experiments using the glove game [13,14].
Correlational Research
Correlation research is a weaker form of research, compared to human subject experimentation, because of two main reasons: (1) it does not contain procedures to help
ensure causation direction is known, and (2) the potential impact of extraneous variables is
not controlled. Correlation research purely looks at whether two things are related and
ignores the context [60]. The two variables under consideration in our research are game
theory experience and the ability of the human players to find a stable coalition (i.e., core
coalition).
There are several reasons for using correlated research; two are mentioned here. Firstly,
when the independent variable (i.e., game theory experience) cannot be manipulated.
Secondly, when the experimenters believe there is no correlation between the variables.
More discussions on experimental design are given in the limitation section.
4.2. Prototype
Before that main experiment was conducted, a prototype experiment was completed.
The approach of this prototype is discussed in Saolyleh et al. [63]. The prototype’s key
finding was that even though the glove games used are simplistic cooperative games, their
mechanism can be confusing to novices. There were two major changes based on this
finding. Firstly, each trial is conducted with an instructor to explain the process as opposed
to a completely web-based interface. Secondly, the participants undertook more training
example games before they completed the main trial games.
4.3. Recruitment Approach
A convenience sampling approach was used for human participant recruitment [60].
The participants were invited to the experiment from a variety of demographics, including
the Old Dominion University community, without bias by e-mail/social media and wordof-mouth communication, a wide range of individuals participated in the study.
4.4. Experimental Protocol
The experimental protocol is split into three phases: (1) initial overview, (2) pre-testing
phase, and (3) trial phase. An overview of the experimental protocol is provided in Figure 4.
The purpose of the first phase is to collect demographic information about the participants
and explain the glove game. The purpose of the second phase determines if the participants
understand the glove game and GUI interface. The final phase’s purpose is to collect data
about the resultant coalition structures generated by the participants’ decisions.
Throughout each trial, the participant will play seven games, namely: two verbally
presented training games with visuals to aid participant understanding, three computerized
training games using the GUI, and two computerized trial games using the GUI. The games
increase in complexity as the trial progresses.
Initially, the participants are shown a disclaimer about the experiment and their ability
to quit at any time. This included a description of the purpose of the experiment. They were
then asked to fill out a questionnaire, the details of which are given in the data collection
section below. The decision to ask the participants to fill out the questionnaire first was
deliberate; this is discussed in the discussion section. The final part of this phase is for the
instructor/facilitator to provide a scripted overview of the glove game, which includes
two verbally presented games.
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As mentioned earlier, we only conducted the data analysis for results from the last
two trial games after the human subject had completed the five training games. For each
of the last two games, a total of 31 trials were conducted from a wide range of individuals
in terms of game theory experience, age, education level, and gender (in total, 62 trials).
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Figure 5 shows an in-person trial where the participant is being trained in the mechanics
of the glove game using specially designed playing cards.
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Table 1. The population of the study: experienced vs. not experienced in game theory.
Category

Population

Experienced in game theory
Not experienced in game theory

8
23

Considering the two trial games, one of these trial games had a single-core partition
solution, and the other had four possible coalition structure solutions. This research’s key
question is whether the simulation outcome of the trial games were core partitions and
game theory experience, affected the probability of it being a core partition. However, due
to the nuances of the experiment, a weaker outcome for comparison was considered. This
outcome was whether the human player final coalition is a member of a core partition; this
is called a “core coalition”.
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The weaker outcome is required because our interest was in the human subject’s
behavior and not the computerized agent’s behavior. Since the human participant cannot
control what coalitions will form outside their own coalition, it seems inappropriate to
judge their performance based on all coalitions in a coalition structure. Thus, the focus
is on core coalitions, where the human player does have some control. There is only one
possible coalition that contains the human player in the single-core trial game and is in a
core partition. There are four such coalitions in the multiple-core trial game, a unique one
for each of the four core partitions.
Regarding the first research interest to see whether the human’s final coalition is the
same as a core coalition, which is suggested by cooperative game theory, we compared
these two coalitions, and we ended up that in 42% of the time, the human’s final coalition
was the same as core coalition which is depicted in Table 2.
Table 2. Human final coalition compared to the expected core coalition.
Category

Percentage

The human’s final coalition is a member of the core
The human’s final coalition is not a member of the core

42%
58%

We have conducted further analysis and compared payoffs received by the human
at the end of the game to the expected core payoff based on the cooperative game theory
solution concept. As it is shown in Table 3, the payoff which humans received at the end of
the trial was at least as good as the core payoffs about 60% of the time.
Table 3. Human final payoff compared to the expected core payoff.
Category

Percentage

The human’s final payoff is core payoff or higher
The human’s final payoff is less than the core payoff

60%
40%

By considering findings from Tables 2 and 3, we can conclude that although only 42%
of the time humans find core coalition, 60% of the time, their received payoffs were equal or
even greater than the expected core payoff. This could imply that humans, in the majority
of cases, behaved to maximize their payoffs, as they were trained, regardless of paying
attention that the final coalition is a stable coalition or not.
In the next section, the second assumption regarding extraneous variables known as
game theory experience in this research will be discussed.
5.2. Game Theory Experiences Impact
This section focuses on the impact of the human game theory experience on the simulation outcomes, specifically, the coalition structures of the two trial games. Additionally, we
should note that we examined the impact of demographic information that was collected,
viewing them as extraneous variables, on the simulation outcomes, and it seems there is
no significant difference between the variety of demographics in the population on the
simulation outcome; the detail can be found in Collins and Etemadidavan [11].
To understand the impact of game theory experience on the outcome of the trials,
several different hypotheses were constructed. Two of the hypotheses are focused solely on
payoff; the rationale for this is that the core is not the only solution mechanism available,
and the players might focus on maximizing their payoff; hence it seems prudent to explicitly
focus some hypotheses directly on the payoff obtained. There were three main hypothesis
questions that were asked about each characteristic:
1.
2.
3.

Does the experience affect the outcome of being a core coalition?
Does the experience affect the final payoff of the human player?
Do those with the experience receive, on average, a higher payoff than those that do not?
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The first two questions were tested using the Chi-squared test for independence [64].
Since the payoff structure is different for the two games, the third question must be split by
game. The third was tested using a standard t-test.
For the purpose of the statistical analysis, Table 4 is shown as a contingency table
that was constructed to determine whether a participant’s game theory experience had
an impact on their final coalition, specifically, whether they ended up in the core coalition
or not. A Chi-Squared test of independence was conducted on this table, resulting in a
p-value of 0.86; from this result, we cannot conclude that game theory experience makes a
difference whether a participant’s final coalition is a core coalition. Note again that being
in a core coalition is different from the final payoff of a participant.
Table 4. A contingency table shows the impact of board game experience on whether human
participants’ final coalition was a core coalition.
Core Coalition Membership

Otherwise

7
19

9
27

Game theory experience
No experience

The null hypothesis for Table 5 is defined as “There is no difference on the payoff
which a human with/without game theory experience receives at the end of each game”.
Table 5. A contingency table shows the impact of game theory experience on whether human
participants’ final payoff was a core payoff.
Core Payoff or Greater

Less Than Core Payoff

11
26

5
20

Game theory experience
No experience

Although the result from Table 5 is not significant, p-value = 0.39, and the null hypothesis cannot be rejected; it can be seen that the rate of humans with game theory experience
which received less than core payoff (5 out of 11) is lower than human without game theory
experience (20 out of 26).
For the third step, Pearson’ Correlation coefficient tests for games with single and
multiple cores have been conducted, and the result has been shown in Table 6.
Alternative Hypothesis: There exists a difference between different experienced group
average final payoffs.
Table 6. Test for a relation between player’s game theory experience and final payoff in each
trial game (with single and multiple cores). The T-test brackets show the means with experience
and without.
Experience
Characteristics
Game Theory
Experience
Game Theory
Experience

Final Payoff
Game

Correlation p-Value

T-Test of Sample Means

p-Value

Single

0.08

0.69

(1.69, 1.65)

0.32

Multiple

0.04

0.82

(1.53, 1.51)

0.43

Based on Table 6, there is no relation between a player’s payoff and game theory
experience because the p-value is greater than 0.05.
While our interactive simulation model was consistent with the human decisions
in the micro-level [18] (i.e., whether computerized agents make the same decisions as
humans to join a coalition or not and make the same coalition suggestion or not), this

Modelling 2021, 2

442

was not the case at the macro-level with the expected coalition only being reached 42%
of the time. Additionally, we had hypothesized that someone with experiences in game
theory would affect a human player’s performance in the simulation macro-level outcome;
however, our correlation research indicates they did not make a significant difference on
human performance. We should mention that we also conducted all statistical analysis
for both board game experience and video game experience, other two experiences which
we were collected through the questionnaires; the results have shown that these two
experiences also do not make a significant difference in human decisions based on the
human’s final coalition.
Given the statistical findings and these collaborating points, we now believe that game
theory experience, as well as demographic information, such as age, education level, and
gender [11], do not make a significant difference to the simulation’s outcome, at least in the
case of the glove game. However, these conclusions should be considered weak due to the
limitations of our experimental and statistical approach, which are discussed further in the
next section.
The next stage for the research is to consider other human characteristics and to
understand, more deeply, why the humans’ behaved as they did in the experimental trials.
This might be achieved through a more robust experimental design.
5.3. Implications of the Findings
The implications of these findings are two-fold. Firstly, game theory and gaming
experience do not seem to matter with regard to interactive simulation experimentation.
This means that future studies might not need to consider it when constructing future
interactive simulation experiment designs, simplifying the experimental design. Of course,
our result is not definitive but given the wealth of possible extraneous variables, a researcher that conducts human subject experiments faces having some justification for not
considering one of them is useful. Secondly, the human participants are not driven by the
same motivation as the computerized agents, i.e., a desire to find a stable coalition structure.
This is not surprising because game theory is a normative method and not necessarily
descriptive [65].
6. Limitations and Discussion
There are several limitations with the methodology used to conduct our research, and
improvements could be made in future research. In this section, we discuss some of those
limitations, including their consequences on conclusions from our findings and potential
alternatives for future research. The discussion includes limitations on the methodology,
the experimental protocol, and statistical tests.
6.1. Methodology
The research uses a correlation research approach as opposed to a human subject
experiment. A human subject experiment would have been more ideal for our investigation
due to its internal validity. Validity, in this sense, is meant experimental validity [60] as
opposed to M&S validity [66]. Internal validity is how well the design of an experiment
allows for conclusions to be made about its outcomes. Tenets of internal validity include
directionality, i.e., knowing that A causes B as opposed to B causing A, and random
assignment of participants to control and treatment conditions, which is used to limit
the impact of confounding variables, i.e., uncontrolled variables that affect the context of
the experiment. Correlation research has neither of these tenets, so our findings provide
evidence that game theory experience does not matter as opposed to conclusive evidence in
the experimental sense. As mentioned previously, most similar research studies, especially
those using simulation, would not satisfy the criteria for a human subject experiment.
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6.2. Experiment Protocol
There are several potential confounding variables that result from our experiment
protocol, which, again, limit the conclusiveness of our results. In this section, we discuss
three of them: carryover effect, participant use, and game construction.
6.2.1. Carryover Effect
There are several potential carryover effects that result from our experiment protocol;
we discuss three here: training effect, game ordering, and questionnaire question ordering.
Carryover effects are when an event earlier in the trial could affect the outcome of a later
participant decision.
The first carryover effect discussed is training. Obviously, training the human participants to play glove games influences their decisions in the trial games. From our prototype,
we realized the need for training in playing the glove game due to the complexity of cooperative game theory to novices [63]. The issue is whether the training led them to make
certain decisions or goals, which they would have made differently in other training was
conducted. This issue could have been investigated if we had used different training games
for different groups of participants and compared the outcomes to see the training’s effect.
The second carryover effect we discuss is the ordering of the games. The single-core
game was always played first, followed by the multiple-core game. It is possible that the
“practice effect” affected the results of the second game, i.e., the players had more practice
in playing the glove game by the time they got to the second trial game, so they performed
better at it. However, the outcomes of games were not directly compared in our analysis,
and, as such, we do not conclude any practice effect. This game ordering effect could be
tested by switching the order of the trial games using a simultaneous within-subject design.
The final carryover effect we discuss relates to asking the participants to answer
the questionnaire first, before the games. This decision was made because we felt that
the participant’s perceived performance in the games they just played would affect their
answers to the questions given if the questionnaire was given last. For example, if a
participant believed they performed badly in the games, then they might be tempted to
downplay their gaming experience. The downside of conducting the questionnaire first is
the potential impact from the experimenter’s expectancy; that is, the experiment’s facilitator
might expect someone with lots of gaming experience to do well, so, subconsciously,
provide them will more help. Since the facilitator was not involved in the two trial games
(as they are computer-based), this bias was avoided.
6.2.2. Participants
As previously mentioned, we used convivence sampling as our approach to obtain
participants. This obviously biases our sample to friends and acquittance we knew. Additionally, volunteers tend not to be representative of the general population due to having,
on average, higher IQ, and higher social class than the general population [67]. This issue
is generally accepted within an experiment’s tolerance of uncertainty.
6.2.3. Glove Game
Ideally, we would have liked our results to be applicable to all strategic coalition
formation situations; however, it is feasible that our results are only applicable to glove
games as glove games could, in themselves, be an extraneous variable. We could have used
randomized hedonic games, using the approach outlined in [68,69]; however, again, such a
new experimental approach would have required hundreds of participants. As such, our
conclusions are limited to glove games.
6.3. Statistical Tests
6.3.1. Sample Size
The sample size of our study is another limitation because we only had 31 participants.
This limited size caused poor p-values to be observed from our statistical tests, and, as a
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result, our findings are not conclusive. Having a larger sample size could help improve
our conclusion.
6.3.2. Causality
Since we used a correlated research approach, we would not have known the causality
of results if correlations had been found. For example, do people play games because they
are good at them, or does playing games make you a better game player? From personal
experience, we speculate that it is both, and there is a cyclic relationship, but this is very
hard to detect.
6.3.3. Power Analysis
Power analysis is an important aspect of modern statistical analysis. Conducting
post hoc analysis on our dataset using the G* power tool [70], we discovered that a large
effect size is required for the acceptable power of our tests. This is unsurprising given the
relatively small sample size. We believe our results still hold though a large effect size does
imply that we are assuming that there is a large distributional difference between our null
hypothesis and any alternative hypothesis.
7. Conclusions
The results from a correlation research experiment into the macro-level outcomes of
a simulation and the effects of game theory experience on humans’ strategic behavior in
an interactive simulation are presented in this paper. The scenario under consideration is
the glove game, which is a form of hedonic game from cooperative game theory. Due to
limitations in our approach, our results are not conclusive, but they do indicate that game
theory experience does not make a significant difference in the human participants’ final
coalition, at least in the context of the glove games considered.
Humans are heterogeneous, and, as a result, their decision-making processes are
different. This heterogeneity makes them ideal for being stimulated by ABMS. However,
there is a need to validate any modeling of human behavior. Comparing the behavior of
humans to what would be expected in a simulation is one approach to this validation. We
suggest that an interactive simulation is a good approach to collecting the data on human
behavior because the humans are playing in the exact same context as the computerized
agents. However, accurately incorporating human behavior into ABMS not only requires
a deep understanding of what human behavior is but also what extraneous variables
affect this behavior. The correlated research outlined in this paper represents an attempt
to determine if game theory experience is one such extraneous variable in the context of
glove games.
Beyond the correlated research, this paper also provides a case study for creating an
interactive simulation in experimentation. This paper provides a detailed explanation,
using the ODD protocol, of the model used in the experiment to drive the glove game
simulation, and it also provides a detailed overview of a method to conduct an interactive
simulation experiment of strategic coalition formation that only involves a single human in
each trial. The other players were controlled by the ABMSCORE algorithm. It is hoped
that this method, used in the case study, will be helpful to other researchers who wish
to conduct similar research. Regarding the human training approach, all the participants
played “correctly” in the first five test games of the trials, which shows our training
approach was effective. These test games only had up to three players. However, the trial
participants only found the core coalition in 42% of cases of the more complex trial games
of seven players; we believe it is due to the complexity of the cooperative game theory,
which can be difficult for novices to understand.
Author Contributions: Conceptualization, A.J.C.; methodology, A.J.C.; software, A.J.C.; validation,
A.J.C. and S.E.; formal analysis, S.E.; data curation, S.E.; writing—original draft preparation, A.J.C.
and S.E.; writing—review and editing, A.J.C. and S.E.; visualization, A.J.C. and S.E.; supervision,

Modelling 2021, 2

445

A.J.C.; project administration, S.E. All authors have read and agreed to the published version of
the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Ethical review and approval were waived for this study, due
to the use of only benign educational tests and no personally identifiable information being collected.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: All the trial data can be found at https://www.comses.net/codebases/
3039b5b4-9a52-4195-a444-0a3a87ef229d/releases/2.5.0/ (accessed on 27 August 2021).
Acknowledgments: We want to thank all the people that took the time to participate in our experiment.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.

9.
10.
11.
12.

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

Hughes, H.P.N.; Clegg, C.W.; Robinson, M.A.; Crowder, R.M. Agent-based modelling and simulation: The potential contribution
to organizational psychology. J. Occup. Organ. Psychol. 2012, 85, 487–502. [CrossRef]
Miller, J.H.; Page, S.E. Complex Adaptive Systems: An Introduction to Computational Models of Social Life, Illustrated edition ed.;
Princeton University Press: Princeton, NJ, USA, 2007.
Collins, A.J.; Frydenlund, E. Strategic Group Formation in Agent-based Simulation. Simulation 2018, 94, 179–193. [CrossRef]
Hadzikadic, M.; Carmichael, T.; Curtin, C. Complex adaptive systems and game theory: An unlikely union. Complexity 2010, 16,
34–42. [CrossRef]
Chalkiadakis, G.; Elkind, E.; Wooldridge, M. Computational Aspects of Cooperative Game Theory. Synthesis Lectures on Artificial
Intelligence and Machine Learning; Morgan & Claypool: London, UK, 2011; Volume 5, pp. 1–168.
Gilbert, N. Agent-Based Models; Sage Publications Inc.: Thousand Oaks, CA, USA, 2008.
An, L.; Grimm, V.; Turner Ii, B.L. Editorial: Meeting Grand Challenges in Agent-Based Models. J. Artif. Soc. Soc. Simul. 2020, 23,
13. [CrossRef]
Cheng, R.; Macal, C.; Nelson, B.; Rabe, M.; Currie, C.; Fowler, J.; Lee, L.H. Simulation: The past 10 years and the next 10 years.
In Proceedings of the 2016 Winter Simulation Conference; Roeder, T.M.K., Frazier, P.I., Szechtman, R., Zhou, E., Huschka, T.,
Chick, S.E., Eds.; IEEE Press: Washington, DC, USA, 2016; pp. 2180–2192.
Epstein, J.M. Generative Social Science: Studies in Agent-Based Computational Modeling; Princeton University Press: Princeton, NJ,
USA, 2007; p. 352.
Vernon-Bido, D.; Collins, A.J. Finding Core Members Of Cooperative Games Using Agent-Based Modeling. J. Artif. Soc. Soc.
Simul. 2021, 24, 6. [CrossRef]
Collins, A.J.; Etemadidavan, S. Human Characteristics Impact on Strategic Decisions in a Human-in-the-Loop Simulation. In IIE
Annual Conference; Institute of Industrial and Systems Engineers (IISE): Virtual, 2021.
Grimm, V.; Railsback, S.F.; Vincenot, C.E.; Berger, U.; Gallagher, C.; Deangelis, D.L.; Edmonds, B.; Ge, J.; Giske, J.; Groeneveld,
J.; et al. The ODD Protocol for Describing Agent-Based and Other Simulation Models: A Second Update to Improve Clarity,
Replication, and Structural Realism. J. Artif. Soc. Soc. Simul. 2020, 23, 7. [CrossRef]
Murnighan, J.K.; Roth, A.E. The effects of communication and information availability in an experimental study of a three-person
game. Manag. Sci. 1977, 23, 1336–1348. [CrossRef]
Murnighan, J.K.; Roth, A.E. Effects of group size and communication availability on coalition bargaining in a veto game. J.
Personal. Soc. Psychol. 1980, 39, 92–103. [CrossRef]
Hart, S. Nontransferable utility games and markets: Some examples and the Harsanyi solution. Econometrica 1985, 53, 1445–1450.
[CrossRef]
Hart, S.; Kurz, M. Endogenous formation of coalitions. Econom. J. Econom. Soc. 1983, 51, 1047–1064. [CrossRef]
Banerjee, S.; Konishi, H.; Sönmez, T. Core in a simple coalition formation game. Soc. Choice Welf. 2001, 18, 135–153. [CrossRef]
Collins, A.J.; Etemadidavan, S.; Pazos-Lago, P. A Human Experiment Using a Hybrid. Agent-based Model. In 2020 Winter
Simulation Conference; IEEE: Orlando, FL, USA, 2020.
Chakravarty, S.R.; Mitra, M.; Sarkar, P. A Course on Cooperative Game Theory; Cambridge University Press: Cambridge, UK, 2015.
Gillies, D.B. Solutions to general non-zero-sum games. Contrib. Theory Games 1959, 4, 47–85.
Shapley, L. A Value of n-person Games. In Contributions to the Theory of Games; Kuhn, H.W., Tucker, A.W., Eds.; Princeton
University Press: Princeton, NJ, USA, 1953; pp. 307–317.
Bolton, G.E.; Chatterjee, K.; McGinn, K.L. How communication links influence coalition bargaining: A laboratory investigation.
Manag. Sci. 2003, 49, 583–682. [CrossRef]
Neslin, S.A.; Greenhalgh, L. Nash’s theory of cooperative games as a predictor of the outcomes of buyer-seller negotiations: An
experiment in media purchasing. J. Mark. Res. 1983, 20, 368–379. [CrossRef]
Montero, M.; Sefton, M.; Zhang, P. Enlargement and the balance of power: An experimental study. Soc. Choice Welf. 2008, 30,
69–87. [CrossRef]

Modelling 2021, 2

25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

43.
44.
45.

46.
47.
48.
49.
50.
51.
52.
53.

446

Beimborn, D. The stability of cooperative sourcing coalitions-game theoretical analysis and experiment. Electron. Mark. 2014, 24,
19–36. [CrossRef]
Berl, J.E.; McKelvey, R.D.; Ordeshook, P.C.; Winer, M.D. An experimental test of the core in a simple N-person cooperative
nonsidepayment game. J. Confl. Resolut. 1976, 20, 453–479. [CrossRef]
Wilensky, U.; Rand, W. An Introduction to Agent-Based Modeling: Modeling Natural, Social, and Engineered Complex Systems with
NetLogo; MIT Press: Cambridge, MA, USA, 2015.
North, M.J.; Macal, C.M. Managing Business Complexity: Discovering Strategic Solutions with Agent-Based Modeling and Simulation;
Oxford University Press: New York, NY, USA, 2007.
Farmer, J.D.; Foley, D. The economy needs agent-based modelling. Nature 2009, 460, 685–686. [CrossRef]
Siebers, P.O.; Macal, C.M.; Garnett, J.; Buxton, D.; Pidd, M. Discrete-event simulation is dead, long live agent-based simulation! J.
Simul. 2010, 4, 204–210. [CrossRef]
Lee, S.H. Integrated human decision behavior modeling under an extended belief-desire-intention framework. In Systems &
Industrial Engineering Graduate College; University of Arizona: Tucson, AZ, USA, 2009; p. 241.
Liang, Y.; An, K.N.; Yang, G.; Huang, J.P. Contrarian behavior in a complex adaptive system. Phys. Rev. E 2013, 87, 12809-1–12809-9.
[CrossRef]
Lee, B.; Cheng, S.-F.; Koh, A. An analysis of extreme price shocks and illiquidity among systematic trend followers. In Proceedings
of the 20th Asia-Pacific Futures Research Symposium, Hong Kong, China, 25–26 February 2010.
Jie, G. A Study of Organizational Knowledge Management with Agent-Based Modeling and Behavioral Experiments; University of Tokyo:
Tokyo, Japan, 2016.
Zhao, L.; Yang, G.; Wang, W.; Chen, Y.; Huang, J.P.; Ohashi, H.; Stanley, H.E. Herd behavior in a complex adaptive system. Proc.
Natl. Acad. Sci. USA 2011, 108, 15058–15063. [CrossRef] [PubMed]
Liang, Y.; An, K.N.; Yang, G.; Huang, J.P. A possible human counterpart of the principle of increasing entropy. Phys. Lett. A 2014,
378, 488–493. [CrossRef]
Song, K.; An, K.; Yang, G.; Huang, J. Risk-return relationship in a complex adaptive system. PLoS ONE 2012, 7, e33588. [CrossRef]
[PubMed]
Brailsford, S.C.; Eldabi, T.; Kunc, M.; Mustafee, N.; Osorio, A.F. Hybrid simulation modelling in operational research: A
state-of-the-art review. Eur. J. Oper. Res. 2019, 278, 721–737. [CrossRef]
Hill, R.R.; Champagne, L.E.; Price, J.C. Using agent-based simulation and game theory to examine the WWII Bay of Biscay U-boat
campaign. J. Def. Modeling Simul. Appl. Methodol. Technol. 2004, 1, 99–109. [CrossRef]
Bonnevay, S.; Kabachi, N.; Lamure, M. Agent-based simulation of coalition formation in cooperative games. In Intelligent Agent
Technology, IEEE/WIC/ACM International Conference on 2005; IEEE: Compiegne, France, 2005.
Janovsky, P.; DeLoach, S.A. Multi-agent simulation framework for large-scale coalition formation. In 2016 IEEE/WIC/ACM
International Conference on Web Intelligence (WI); IEEE: Omaha, NE, USA, 2016.
Cao, Y.; Wei, J. Distributed coalition formation for selfish relays and eavesdroppers in wireless networks: A job-hopping game.
In Proceedings of the 2012 International Conference on Wireless Communications and Signal Processing (WCSP), Huangshan,
China, 25–27 October 2012.
Jang, I.; Shin, H.-S.; Tsourdos, A. Anonymous hedonic game for task allocation in a large-scale multiple agent system. IEEE Trans.
Robot. 2018, 34, 1534–1548. [CrossRef]
Shin, H.-S.; Jang, I.; Tsourdos, A. Frequency channel assignment for networked UAVs using a hedonic game. In 2017 Workshop on
Research, Education and Development of Unmanned Aerial Systems (RED-UAS); IEEE: Linkoping, Sweden, 2017.
Collins, A.J.; Krejci, C.C. Understanding the Impact of Farmer Autonomy on Transportation Collaboration using Agent-based
Modeling. In Proceedings of the Computational Social Science Society of Americas, Sante Fe, NM, USA, 25–28 October 2018;
pp. 1–12.
Collins, A.J. Strategic group formation in the El Farol bar problem. In Complex Adaptive Systems: Views from the Physical, Natural,
and Social Sciences; Carmichael, T., Collins, A.J., Eds.; Springer: Cham, Switzerland, 2019; pp. 199–212.
Macal, C.M. Everything you need to know about agent-based modelling and simulation. J. Simul. 2016, 10, 144–156. [CrossRef]
Takko, T. Study on Modelling Human Behavior in Cooperative Games. In School of Science; Aalto University: Espoo, Finland,
2019; p. 63.
Coen, C. Mixing rules: When to cooperate in a multiple-team competition. Simul. Model. Pract. Theory 2006, 14, 423–437.
[CrossRef]
Dal Forno, A.; Merlone, U. Grounded theory based agents. In Proceedings of the 2012 Winter Simulation Conference (WSC); IEEE:
Berlin, Germany, 2012.
Pansini, R.; Campennì, M.; Shi, L. Segregating socioeconomic classes leads to an unequal redistribution of wealth. Palgrave
Commun. 2020, 6, 46. [CrossRef]
Li, X.; An, K.; Yang, G.; Huang, J. Human behavioral regularity, fractional Brownian motion, and exotic phase transition. Phys.
Lett. A 2016, 380, 2912–2919. [CrossRef]
Sohn, J.-w. A study on how market policy affects human market selection decision. In Information Sciences and Technology;
Pennsylvania State University: State College, PA, USA, 2013; p. 242.

Modelling 2021, 2

54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.

447

Bhattacharya, K.; Takko, T.; Monsivais, D.; Kaski, K. Group formation on a small-world: Experiment and modelling. J. R. Soc.
Interface 2019, 16, 20180814. [CrossRef] [PubMed]
Bogomolnaia, A.; Jackson, M.O. The stability of hedonic coalition structures. Games Econ. Behav. 2002, 38, 201–230. [CrossRef]
Thomas, L.C. Games, Theory and Applications; Dover Publications: Mineola, NY, USA, 2003.
Iehlé, V. The core-partition of a hedonic game. Math. Soc. Sci. 2007, 54, 176–185. [CrossRef]
Grimm, V.; Berger, U.; Bastiansen, F.; Eliassen, S.; Ginot, V.; Giske, J.; Goss-Custard, J.; Grand, T.; Heinz, S.K.; Huse, G.; et al. A
standard protocol for describing individual-based and agent-based models. Ecol. Model. 2006, 198, 115–126. [CrossRef]
Wilensky, U. Netlogo. 1999. Available online: http://ccl.northwestern.edu/netlogo/ (accessed on 24 September 2021).
Jhangiani, R.S.; Chiang, I.; Price, P.C. Research Methods in Psychology, 2nd Canadian Edition; BC Campus: Vancouver, BC,
Canada, 2015.
Feyerabend, P. Against Method; Verso: Brooklyn, NY, USA, 1993.
Balci, O. How to assess the acceptability and credibility of simulation results. In Proceedings of the 1989 Winter Simulation Conference;
MacNair, E., Musselman, K.J., Heidelberger, P., Eds.; IEEE: Piscataway, NJ, USA, 1989; pp. 62–71.
Saolyleh, M.; Collins, A.J.; Pazos, P. Human Subjects Experiment Data Collection for Validating an Agent-based Model. In
Proceedings of the MODSIM World 2019 Conference, Norfolk, VA, USA, 23–24 April 2019; pp. 1–7.
Devore, J.L. Probability and Statistics for Engineering and the Sciences, 7th ed.; Brooks/Cole; Thomson Learning, Probability
Handbook: Pacific Grove, CA, USA, 2009.
Collins, A.J. Comparing Agent-Based Modeling to Cooperative Game Theory and Human Behavior. In Proceedings of the 2020
Computational Social Sciences Conference, Virtual. 17–20 July 2020; pp. 1–13.
Petty, M.D. Verification, validation, and accreditation. In Modeling and Simulation Fundamentals: Theoretical Underpinnings and
Practical Domains; Sokolowski, J.A., Banks, C.M., Eds.; Wiley: Hoboken, NJ, USA, 2010; pp. 325–372.
Rosnow, R.L.; Rosenthal, R. The volunteer subject revisited. Aust. J. Psychol. 1976, 28, 97–108. [CrossRef]
Collins, A.J.; Etemadidavan, S.; Khallouli, W. Generating empirical core size distributions of hedonic games using a Monte Carlo
Method. Int. Game Theory Rev. 2022, in press.
Etemadidavan, S.; Collins, A.J. An Empirical Distribution of the Number of Subsets in the Core Partitions of Hedonic Games.
Oper. Res. Forum 2022, in press.
Mayr, S.; Erdfelder, E.; Buchner, A.; Faul, F. A short tutorial of GPower. Tutor. Quant. Methods Psychol. 2007, 3, 51–59. [CrossRef]

